Objective: Study 1 investigated the intraclass reliability and percent variance associated with each component within the traditional Balance Error Scoring System (BESS) protocol. Study 2 investigated the reliability of subsequent modifications of the BESS.
INTRODUCTION
Postural stability assessment has been recognized as an important component of evaluation after concussion and can be assessed using several different methods. [1] [2] [3] [4] Furthermore, it was confirmed by experts at the 3rd International Conference on Concussion in Sport that ''postural stability testing provides a useful tool for objectively assessing the motor domain of neurologic function.'' 5 The Balance Error Scoring System (BESS) was initially developed as an easily administered costeffective objective assessment tool used by clinicians for the evaluation of postural stability after concussion.
Considerable research has been conducted using the BESS. 4, [6] [7] [8] [9] [10] The BESS has been shown to correlate well with other measures of postural stability. The first study using the BESS correlated Sensory Organization Test composite scores and sway measures to BESS scores, which resulted in moderate to high correlations. 6 In studies following concussion, subjects exhibit acute postural stability alterations up to 5 days after injury with recovery usually occurring within 4 to 7 days postinjury to preinjury baseline values. 3, 4, 11 Although the BESS seems to be sensitive to subtle deficits after concussion, it has several drawbacks. Recently, Valovich et al found that administration of multiple trials of the BESS results in practice effects, with the number of errors decreasing with each consecutive trial. 6 Furthermore, the effects of muscle fatigue increase the number of errors acutely, but these correct after 20 minutes of rest after an exercise session. 10 Psychometric properties of the BESS have demonstrated limited reliability and validity data. Riemann et al 6 found that most components of the BESS correlated strongly with long force plate measures (0.78-0.96 dependent on the stance). However, the double-leg stance on the firm surface was the only condition that did not significantly correlate to long force plate measures. Intrarater reliability ranged from 0.87 to 0.98. 7 Additionally, test-retest reliability (0.673) of the BESS has been reported. 12 These test-retest reliabilities fall below commonly accepted thresholds for reliability level used for tools during clinical assessment.
Studies have not found significant difference among subjects for the double-leg stance. 3, 6, 8 Variance associated with the double-leg stance on both the firm and foam surfaces was low in collegiate and high school populations.
6,7,9 Riemann et al 6 did not find significant differences between injured and control participants using the double-leg stance on the foam surface. Additionally, the number of errors performed during the double-leg stance does not increase like the other stances after exertion or during fatigue. 9, 10 In measures with multiple components, it is important to understand the properties of these components and their contribution to overall reliability. This article will describe 2 studies. Study 1 investigated the intraclass reliability and the percent variance associated with each component within the standard BESS. Study 2 investigated the subsequent modifications of the BESS to improve reliability of a commonly used concussion assessment tool.
STUDY 1 Participants
Seventy-eight high school football athletes (mean age 15.78 6 1.16 years) were tested before the fall competitive season using the standard BESS protocol. The BESS protocol and determination of errors followed protocols described in previous studies. [6] [7] [8] The University of Georgia Institutional Review Board approved study 1 and study 2. All participants and guardians read and signed university-approved informed consent and assent forms before participating in the study.
Methods
The participant was positioned 10 to 15 feet away from the tester and video camera. Each participant was videotaped and scored at a later date, which allowed for repeated and precise scoring. All tapes were scored twice by the primary investigator with an intratester reliability (r = 0.97).
Statistical Analysis
All analyses were completed by GENOVA, a computer program developed principally for generalizability analysis to determine the percent variance associated with each component of the BESS (GENOVA 3.1, Fortran IV, Dorchester, Massachusetts). 13, 14 The components analyzed included person, surface, stance, person by stance, and person by surface by stance. The variance associated with the person by surface by stance interaction was labeled as error. Intraclass reliability coefficients were obtained using SPSS 11.3.1 (SPSS Inc, Chicago, Illinois). The Spearman-Brown prophecy formula was used to estimate reliability coefficients when the length of the test was changed. The formula is
where r k, k is the theorized reliability, r 1,1 is the reliability of the present measure, and k is the number of times the measure is increased. 15 
RESULTS
As shown in Figure 1 , stance accounted for more than half of the total variance within the model. The firm surface single-leg stance (29.4%) and foam surface single-leg stance (35.3%) had the highest percentage of variance, whereas the firm surface double-leg stance demonstrated few errors and had the lowest percentage of variance (0.17). The results for the other components in the model were low, whereas the error term was 35% (Table 1) .
Intraclass reliability for the traditional protocol of the BESS (1 trial of 6 conditions) had a reliability of r = 0.60.
When the double-leg stance was removed for both the firm and foam surfaces from the model, the reliability coefficient increased to 0.71, which is still below conventionally accepted levels of reliability.
Finally, to estimate how the reliability of the BESS might be improved, we used the Spearman-Brown prophecy formula with 4 conditions (single-leg stance firm and foam surfaces and tandem-leg stance firm and foam surfaces). We found that we could increase the reliability of the measure by increasing the number of trials of these 4 conditions. As seen in Table 2 , the theoretical reliability of the measure substantially increased with more trials per condition.
Study 1 again demonstrated insufficient reliability of the standard BESS protocol. Low variances associated with the double-leg stance and the poor sensitivity of the double-leg stance during baseline and postinjury evaluation in previous studies suggest that the double-leg stance could be eliminated and the number of trials per condition should be increased. 4, 6 Therefore, we conducted a follow-up study to assess the reliability of a modified BESS protocol.
STUDY 2 Procedures Participants
An independent sample of 144 high school football athletes (mean age 15.57 6 1.15 years) were tested before the fall competitive season. Any participant who had sustained a lower extremity musculoskeletal injury and/or head injury within the 3 months before testing was excluded from the study. 
Revised BESS
The protocol used for BESS administration was a modification of the original BESS. The revised protocol comprised 4 conditions: single-leg and tandem-leg stance on firm and foam surfaces. Completion of 4 conditions was considered a trial. Each participant completed 3 trials of the 4 conditions. All other aspects of the revised model remained identical to previously published literature inclusive of the determination of errors.
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Statistical Analysis
Intraclass reliability coefficients using a 1-way analysis of variance (ANOVA) protocol were calculated for the revised protocol. Additionally, a repeated measures (SxT) ANOVA was calculated to examine differences between trials. The intraclass reliability coefficients and repeated measures ANOVA were obtained using SPSS 11.3.1.
RESULTS
The mean total number of errors was 20.08 6 11.76, whereas the mean number of errors for each trial was 6.69 6 0.36. The number of errors for each surface, stance, and trial can be found in Table 3 . The participants made the greatest amount of errors in the single-leg stance foam surface conditions. The tandem-leg stance had slightly less errors than the single-leg stance on either condition (Table 3) .
Evaluation of differences between trials within the protocol was calculated using a repeated measures ANOVA. There were statistically significant differences between the trials. Simple contrasts were calculated to determine whether the statistical significance was equal across all trials. Statistically significant differences existed between trials 1 and 2 (F(2,142) = 3.675, P = 0.028, h 2 = 0.049); however, there were no significant differences between trials 2 and 3 ( Figure 2) .
Finally, an intraclass reliability coefficient was calculated for the revised protocol. The intraclass reliability measures internal consistency, the extent to which the parts of the test measure the same construct. 15 A reliability coefficient for the revised protocol was calculated (0.88) using 3 trials of 4 conditions. Due to the presence of a practice effect for trial 1, it was eliminated from the analysis. This resulted in a reliability coefficient for the criterion score of trials 2 and 3 of 0.84. Consistency of scores was obtained between trials 2 and 3. This would suggest that the use of 1 trial might be appropriate for estimation of postural stability. However, the intraclass reliability coefficient for 1 trial was 0.73, which negates the change in protocol as only moderate reliability was obtained (Table 4) .
DISCUSSION
These studies found that the modified BESS protocol provides a more reliable measure. Performing minor modifications to the BESS protocol improved the reliability of the measure and reduced the practice effects. This study concurs with previous reports of limited errors performed with the double-leg stance and was modified appropriately. 3, 8, 16 The double-leg stance accounted for limited variance to the BESS with virtually no errors with the double-leg stance on both firm and foam surfaces. As previous studies have provided limited data regarding the double-leg stance due to lack of variance, and the inability to differentiate between injured and control groups beyond day 1 postinjury, this research demonstrated that the double-leg stance lowers the reliability of the 
BESS.
6,7,9,11 Study 1 found a significant increase in the reliability of the measure when the double-leg stance was removed. When the double-leg stance for both the firm and floor surfaces was removed, the reliability of the BESS increases from r = 0.60 to r = 0.71.
Examination of the modified protocol revealed a practice effect between the first and second trials; however, scores stabilized for subsequent trials. Previous studies revealed that a practice effect existed with decreased errors committed with each subsequent session. 7 Given that a practice effect existed for the first trial, we recommend that the first trial should not be scored or used in the analysis and return to participation decisions. It should be administered and treated as a practice trial only.
Administering and scoring 3 trials after the practice trial would, theoretically, increase the intraclass reliability coefficient. We obtained reliability coefficients of 0.84 and 0.88 using the mean of 2 and 3 trials, respectively. Furthermore, analyzing trial 1 with the practice effect might increase the reliability but would not increase validity evidence. Therefore, it is recommended to administer at least 3, preferably 4, trials without using the first trial to obtain good reliability.
CLINICAL RELEVANCE
As standardized concussion assessment tools are suggested within the field of athletic training, having psychometrically sound instruments is a necessity. [17] [18] [19] The recommendation for a multifaceted approach including physical examination, self-reported symptoms, and neuropsychological and posturography assessment has created a significant amount of interest in the BESS.
The BESS is a modified static protocol designed to evaluate postural stability in concussed athletes, with better sensitivity and specificity than the original Rhomberg test. [20] [21] [22] The standard BESS protocol introduced an objective, timeefficient, easily administered measure of postural ability. This tool is easily inserted into numerous concussion assessment batteries that can be administered virtually anywhere.
Low to moderate intraclass and test-retest reliabilities for the traditional BESS protocol limit the validity of the interpretations of scores (r = 0.60, 0.67). Psychometricians would say that the current reliability would not be adequate for a measurement with implications for return to participation decisions. The modified BESS protocol provides greater reliability of the BESS scores. In contrast to the standard BESS protocol, the reliabilities of the modified BESS protocol met the traditionally accepted thresholds for reliability measures. Enhancing the reliability of the BESS will ultimately affect the validity of the interpretations made from the measure to aid in clinical interpretation.
Modifications proposed here maintain the measure as an objective, time-efficient, easily administered tool of postural ability, which can be incorporated into any concussion assessment battery. We suggest administering at least 2, and preferably 3, trials to obtain good reliability. It may appear that 4 trials of 4 conditions might be too time consuming or introduce fatigue. Performing 3 trials within the modified BESS protocol takes approximately 5 minutes to administer and maintains the true purpose of the original BESS protocol.
LIMITATIONS
First, this research was performed using only nonconcussed healthy athletes. Examining the revised protocol with concussed athletes will allow for evaluation of the specificity and sensitivity of the revised BESS protocol. Although it seems that there were no differences between injured and control participants on the double-leg stance past day 1 postinjury, this study should be replicated using injured participants to determine the necessity for the double-leg stance as a practice or control stance and clinical sensitivity of the modified BESS protocol. 3 Second, the number of trials used was based on the number of trials used in similar protocol measures with the Neurocom Sensory Organization Test. Correlating the modified BESS protocol to the Sensory Organization Test and investigating fatigue and stability of scores after administering 3 or more trials for both baseline and injured data may be helpful to determine the best protocol for use in concussion assessment.
CONCLUSIONS
Concussion assessment has evolved with the influx of concussion-related research and reaffirming that postural stability is an important piece of a multifaceted approach to concussion management. The modified protocol provides greater reliability of the BESS scores. Psychometrically sound instruments support the ability to make and interpret clinical decisions regarding injury and return to participation. Further analysis of the model is being conducted on baseline and concussed subjects to determine if the double-leg stance is truly an important factor in the BESS during the acute phases of assessment after concussive injuries. 
